In the study of gastropod shell morphology, determination of comparable ontogenetic stages is crucial, because all the states that various shell features go through during ontogeny are preserved on the shell. The protoconch/teleoconch transition and marks of episodic growth are among the few ways of defining discrete, comparable, growth stages. In gastropods with determinate growth the attainment of adulthood may provide additional shell markers permitting comparison among individuals and taxa. Adulthood is reflected in shell morphology in ways as diverse as shell deposition covering all the previous whorls and radically changing the shape of the shell through to slight changes in the trajectory of the suture. While the very prominent adulthood-related changes of shell morphology have been used as systematic characters, the more moderate changes have not been studied in detail and their potential systematic value has been ignored. In this paper we give a detailed account of adult modifications of the shell appearing with cessation of growth. Our study group comprises eight closely related species of Lavigeria from Lake Tanganyika. We show that the ways adulthood is manifested are quite diverse. We describe eight characters of the aperture, the suture and the sculptural ornamentation. Character occurrence varies greatly among species. We show that characters appear in suites and that in many cases their appearance is connected to size. We use size as a proxy for adulthood and test whether character occurrence alone or its connection to size can help resolve species relationships. In both cases our characters confirm the monophyly of our ingroup and yield cladograms with various degrees of resolution of ingroup relationships. The coding method that yields the greater character congruence is the one that takes into consideration the connection between appearance of a character and size. This study demonstrates that ontogenetically correlated character transformations may nevertheless be phylogenetically independent.
INTRODUCTION
The gastropod shell grows by accretion of new material on its inner surface and growing edge. Because of this mode of growth and its spiral shape, the shell retains a detailed record of the growth of the organism. For this reason gastropods are a model group for some of the most important questions regarding evolutionary changes that result from changes in ontogeny. The shell has been traditionally described in a static sense, as if its overall shape and morphology are the same throughout its development (Hargreave, 1995) . However, shape and ornamentation characters often change through ontogeny and all their state changes generally remain preserved.
In his original treatment of cladistic methodology, Hennig (1966) proposed that the 'unit' of phylogenetic systematics should be the individual in a specific stage of its life cycle. This would be the stage at which the individual bears the character(s) used for phylogeny reconstruction and systematics; he termed this the character-bearing semaphoront. The most important implication of this point is that the definition of cladistic characters requires determination of the ontogenetic stage of the individual (or terminal taxon) on which the characters are scored. In metamorphosing organisms like the insects Hennig was working on, this should not, in principle, be a problem. However, when we are interested in defining characters from an accretionary structure like the gastropod shell, the task is more complicated. Because the shell is formed by accretion, a record of its ontogeny is maintained, and the parts that were formed at different stages can only be identified if the beginning and the ending of each stage are reflected in its morphology. Even if growth events can be identified on the shell, the ontogenetic stage at which shell characters are scored for phylogenetic analysis is not usually stated explicitly. This is because shell character definition is usually seen merely as a way of describing and classifying the observed range of morphological variation rather than explicitly reflecting homology hypotheses. If the coding of shell morphology into cladistic characters is meant to reflect hypotheses of homology, then all character states should be scored on specified ontogenetic stages.
In organisms with determinate growth increase in size ceases at, or a specific period after, reproductive maturation. Conversely, indeterminate growth continues until the individual's death (Stearns, 1992) . In gastropods with determinate growth, the end of growth provides a reference point for the identification of comparable ontogenetic stages, that is, the point of reaching adulthood. Recognizing adulthood from the shell of these gastropods represents the first step of accurately incorporating ontogeny into character definition. While this is of particular importance for apertural characters, all shell features, including overall shape parameters, should be described and coded as coming from individuals at recognized ontogenetic stages (see also Nehm, 2001) .
The amount of phylogenetic signal and homoplasy in gastropod shell characters has recently received considerable attention (Wagner, 1999, 2001b and references therein; Haasl, 2000; Schander & Sundberg, 2001) . However, much of the systematics and phylogenetics of extant gastropods still relies on shell morphology and for fossil gastropods that will remain the case. For extant gastropods, shell morphology is increasingly used in concert with anatomical and molecular characters. Still, many neontological systematists express a general wariness over the utility of gastropod shell characters (e.g. Robertson, 1978; Kool, 1993) and recently an attempt has been made to empirically compare the phylogenetic signal of shell vs. other data partitions within a clade (Vermeij & Carlson, 2000) . At higher taxonomic levels (families and above) homologizing shell characters across clades is more difficult. This is reflected in the roughly inverse correlation between taxonomic rank and the number of shell characters used in phylogenetic analyses (Wagner, 2001b: table 1) . It is unclear to what extent this reflects a lack of clear shell synapomorphies vs. problems in their recognition due to a lack of rigorous phylogenetic studies at lower levels within the chosen terminal taxa. Whatever the causes, the result is that too often the shell characters used are coarsely defined and few in number. There has also been little consideration of the relative values of shell characters at varying hierarchical levels of analysis. As a consequence shell characters as a class frequently appear to be highly homoplastic (e.g. Taylor, Kantor & Sysoev, 1993; Haasl, 2000 ; -see opposing comments by Rosenberg, 1998; Schander & Sundberg, 2001) . This has downgraded the perceived value of shell characters among some systematists. In addition, because the shell is directly exposed to the external environment it has been suggested that shell morphology would tend to evolve faster than internal anatomy resulting more often in homoplasy (Davis, 1981; Davis & da Silva, 1984; Wagner, 2001a) . As has been noted by Nützel, Erwin & Mapes (2000) , the monophyly of many groups that were first recognized partly or wholly on shell characters is often being corroborated in the increasing numbers of molecular phylogenetic studies being undertaken. This is true despite the difficulties in effective coding of shell characters and the expectation that they are highly homoplastic. Interestingly, a summary of the behaviour of shell and anatomical characters within published phylogenetic analyses at a range of systematic levels revealed no significant difference in homoplasy between these data partitions (Schander & Sundberg, 2001 ; but see Wagner, 2001b) . Although authors may have selected their shell characters to avoid homoplasy, nevertheless Schander & Sundberg's results (2001) show that there is nothing inherent in shell characters to justify their a priori rejection.
Determinate growth is commonly manifested through a variety of changes in shell morphology. Generally, two broad categories of such changes can be discerned. In one, the morphology of the whole shell is altered by the changes occurring when the shell stops growing, whereas in the other, only the morphology of the last whorl, or parts of it, is altered. We find an example of the former in cypraeoids (e.g. cowries) and some stromboids which lay down a thick, glossy mass of shell material (inductura) over much or the whole of the shell, resulting in a dramatic change in its outward appearance (Abbott, 1961; Katoh, 1989; Savazzi, 1991) . Extensive morphological changes can also result from wholly internal processes, with modification due not to shell deposition but to its resorption (Signor, 1982) . In some conoids, particularly Conus (Kohn, Myers & Meenakshi, 1979) , those parts of earlier whorls encompassed by the last whorl become partly or entirely resorbed. These patterns of internal resorption and external deposition may co-occur in some taxa, such as olivellids and cystiscids (Olsson, 1956; Coovert & Coovert, 1995) .
When only the morphology of the final whorl is affected by the cessation of growth, then the changes that occur are alterations in the appearance of the aperture, the sculptural ornamentation, and the whorl shape that are not present in the actively growing juvenile. We name such features adult modifications (AMs). Even within this category of changes, there is again a great range of prominence. The most prominent AMs, particularly those extending over one-third or more of the last whorl, have long been recognized as normal features of adult shell growth. In families such as the Strombidae and Columbellidae they have been extensively described and shown to provide many species-and generic-level diagnostic characters in systematics (e.g. Abbott, 1961; Jung, 1989; Savazzi, 1991) . Consequently, they have been coded as part of a normal suite of shell characters in phylogenetic analyses (e.g. strombids: Stone, 2001 ). Ontogenetically more restricted or subtle AMs have also long been noted in the study of marine gastropods. Those involving an elaboration of sculptural features, for example in cerithioids (Cossmann, 1906) , Table 1 . Percentage of occurrence, LR chi-squared and Mann-Whitney U-test P-values. The first row for each species contains the percentages of occurrence for each adult character state. The second row contains the P-values from chi-squared test for the significance of fitting the LR model of the correlation of AMs with length. The third row contains the two-tailed asymptotic probability that sizes of individuals with a particular AM and those without have the same size. As with the second row values below 0.05 indicate significant (at the 95% level) differences in size of individuals that carry a particular AM to those that do not. Note that the chi-squared test for the LR and the Mann-Whitney U-test give the same result (significance or no significance at the 0.05 level) in all cases but one: character APLT in L. n. sp. J. The significant result from the LR is due to a single individual carrying the character and is thus considered a statistical artefact. Only significant (<0.05) results are given. The cladistic matrices analysed in this paper can be deduced from this table. For the eight-and seven-character matrices a significant value in the LR (second row) is coded as 1 and a nonsignificant value as 0 (the case of APLT in L. n. sp. J is coded as 0). In the seven-character matrix, two characters are combined as described in the text (see Material and Methods). For occurrence matrix 1, the percentage of occurrence (first row) is coded as 0 for zero occurrence and 1 for occurrence in any percentage. For matrix 2, complete absence of the character is coded as 0, occurrence less or equal to 10% as 0/1 (polymorphic) and higher than 10% as 1. have also been considered important taxobases. In contrast, those consisting of sculptural simplification or irregularity or abrupt shifts in apertural shape and position historically have been termed 'gerontic' and the specimens bearing them have been considered to be 'senile' (Grabau, 1904; Smith, 1905; but see Wrigley, 1927) . In contrast with more prominent AMs this characterization carries the connotation that they are produced by a degeneration of the shell-forming mechanisms, a deviation from normal shell morphology. This in turn has led to the assumption that these AMs are of limited or no systematic value (e.g. Merriam, 1941) . Remarkably, despite their importance for recognizing adulthood and their widespread occurrence (Vermeij & Signor, 1992) , the lack of established terminology for AMs reveals that they have escaped attention as a class of shell characters worthy of detailed study.
In this paper, we give a detailed account of subtle changes in shell morphology of adult individuals and the systematic value of these features. Specifically, we describe the variation in the occurrence of AMs in a clade of the Lavigeria species flock from Lake Tanganyika. Numerous shell features have systematic value in this genus (E. Michel & J.A. Todd, unpubl. data; Michel & Todd, 2003) and preliminary investigation has shown that some AMs are unique for particular species groups and thus can serve both as diagnostic features and as characters in a cladistic matrix. The questions we address are:
(1) What are the characters associated with adulthood? (2) Can we define cladistic characters from AMs? (3) Is the morphological manifestation of adulthood the same among closely related species?
MATERIAL AND METHODS

STUDY GROUP AND SCOPE
The endemic thiarid genus Lavigeria from Lake Tanganyika forms a species flock of approximately 35 currently known species (E. Michel & J.A. Todd, unpubl. data; Michel & Todd, 2003) . Current conchological diagnoses are based on shell shape, ornamentation and colour features as well as characteristics of early ontogeny (protoconch and early teleoconch) and opercular morphology (Michel & Todd, 2003) . Adult modifications are not presently included in our working diagnoses of species. Anatomical, molecular, allozyme genetic and ecological data support species rank for the 'taxa' that have been examined in detail (Michel, 1995; E. Michel & J. A. Todd, pers. observ.) . Lavigeria species develop axial and spiral sculpture with many species-specific characteristics and a wide range of AMs. Within the genus, three putative supraspecific clades are currently recognized based on molecular phylogenetic analysis, and supported by shell morphological and opercular features (Michel, 2000) . One of these contains about 12 species described in a forthcoming monograph (E. Michel & J.A. Todd, unpubl. data) , of which six of the betterknown have been selected for this study and are listed here in open nomenclature as they are presently undescribed; L. new spp. A, J, K, U, W and X (Fig. 1) . The first four of these are treated in more detail in Michel & Todd, 2003 . Lavigeria. n. sp. A is widespread and often abundant around much of the lake while the rest have much narrower or patchier distributions and some are narrow-range endemics, for example L. n. sp. J. In addition, and for comparison, two undescribed species, one from each of the other two currently recognized clades within the genus (L. n. spp. N and F in Michel & Todd, 2003) , were included as outgroups.
CHARACTER SELECTION
Our aim was to analyse the dynamic expression of AMs of the shell. We extracted eight characters that provide detailed tracking of the onset of adulthood, and are based on a homology criterion. In a preliminary survey of the clade, we searched for candidate character states that seemed to mark the cessation of shell growth. We looked at the thickness, texture and appearance of the shell around the aperture and in the sculpture close to the aperture (micro-and macrosculpture) and noted differences in comparison to previous whorls and to clearly juvenile individuals (because of size). By making our initial observations detailed and assessing them across populations and species we have maximized the number of logically independent characters (sensu Sneath & Sokal, 1973) for AMs for this clade. Observations that are described as the same character are perceived to arise from similar shell formation mechanisms and consequently we treat these characters as primary homologies (de Pinna, 1991) . Morphological changes in the shell that we categorize as different characters are clearly distinct from each other. The list of characters and states to be assessed as AMs is given below. The initial expression of AM characters occurs within the final quarter whorl. Although the strength and extent after initiation can vary among species or individuals, AMs were unequivocally present or absent. The first five characters refer to the aperture and must be coded instantaneously, whereas the remaining three are visible on the whorl surface. The putative adult state is coded as 1 in each case. For simplicity the adult character state is referred to by an abbreviation (in parentheses) throughout the paper. (1) Colour of parietal wall of the aperture: translucent (0), whitish (1) (WGPW) ( (Fig. 5) . In all our study species the suture coincides with the trajectory of the major spiral sculptural elements (spiral cords) on the previous whorl during normal, pre-AM growth. Adult state DFST can be identified easily from the very first moment in ontogeny that it occurs, because the trajectories of the suture and spiral cord above it diverge. (7) Appearance of axial ribs when approaching aperture: regular, unaltered (0), irregular appearance or loss of axial ribs (1) (AXRB) (Fig. 5 ). (8) Appearance of axial microsculpture when approaching aperture: regular, unaltered (0), roughened (1) (AXMS). This sometimes takes the appearance of increments and could be confused with character state APPL. Nevertheless, these are clearly states of different characters since in the case of rough microsculpture the patterns of the surface of the shell (e.g. colour bands) are still clearly apparent while in APPL the apertural lip is in comparison to the surface of the shell, lighter coloured and has no colour or sculpture patterns.
STUDY OF SPECIMENS
We examined shell specimens from the research collections of E. Michel and A. Cohen. All specimens were collected alive through SCUBA and snorkelling, and are thus not subject to taphonomic alterations. We examined shells across ontogenetic and size ranges. All were complete, lacked surface alterations such as microboring and, with the exception of L. n. sp. U, the great majority had undamaged, intact protoconchs. For each specimen we scored the presence or absence of the eight adult character states listed above and we measured the following: shell length (maximum along coiling axis), shell width (maximum width perpendicular to coiling axis), maximum apertural length (unconstrained), apertural width (maximum perpendicular to apertural length) and lip thickness (measured at 2 mm depth at widest point on body whorl) with digital callipers. In addition we noted the number of protoconch and teleoconch whorls and the extent of the AMs of the shell as a fraction of the last whorl before the aperture (van Osselaer, 1999) . Finally, the presence of scarring due to crab predation (West, Cohen & Baron, 1991; West & Cohen, 1996) on the body whorl was controlled to avoid artefactual data on shell modifications.
ANALYSIS
Our objectives were to correlate the occurrence of AMs of the shell with size, to test whether they appeared independently and to assess their phylogenetic informativeness. We performed a principal components analysis (PCA) with the linear variables measured on the shell in order to infer a multivariate measure of size. With the coded character state data (which we can consider as absence-presence of putative adult states), we performed a contingency table analysis for all possible pairs of adult character states to check for tendencies of states to co-occur. We then regressed the presence-absence data for each adult character state separately with the size data using a Logistic Regression (LR) procedure to check for correlation between the occurrence of each character state and size. To cross-check the connection of character occurrence and size, we performed a Mann-Whitney U-test for significant differences in size between the subset of individuals that carry a particular AM and those that do not. All statistical analyses were performed for each species separately and when continuous variables were used, we performed the calculations on log-transformed data, except in the Mann-Whitney U-test, to normalize distributions and decrease dependence of variances on the variable mean (Sokal & Rohlf, 1995) . We performed a PCA using Systat 7.0 (SPSS Inc., Chicago, IL, 1997) with the linear variables measured on the shell, i.e. length, width, apertural length, apertural width and lip thickness for each species separately. PC1 is commonly a multivariate expression of size if the character loadings are generally all large and positive (Pimentel, 1979) . We regressed each of the linear variables with PC1 and calculated the respective correlation coefficients. In animals with determinate growth the attainment of adulthood represents the point of switching the allocation of resources and energy from growth to reproduction. Lavigeria shows determinate growth; reproductive activity begins just before the attainment of maximum size (Kingma & Michel, 2000) . Thus it is logical that within the size range of a given species, from the smallest juvenile to the largest adult, morphological characteristics appearing on maturation should be found predominantly in the larger sizes. We tested the correlation of AM occurrence and size by regressing the presence/absence data against length and PC1 (LR algorithm of JMP, ver. 3.2, SAS Institute Inc., Cary, NC, 1989 . LR is used in order to test the correlation between categorical data (e.g. presence/absence data) and one or more continuous variables (e.g. length or a factor such as PC1). The categorical variables are then considered dependent and are regressed against the independent continuous variables. LR is based on the same logic as Linear Regression, except that it allows the dependent variable to take values between a maximum and a minimum -in our case zero and one. Although in presenceabsence data there are only zeros and ones and no intermediate values, such values calculated by the fitted logistic model can be interpreted as the probability of an individual having a zero or one for a given value of the independent variable. In this way LR gives a prediction of the probability of an individual carrying an adult state given a particular value or range of values for size. Because of this predictive utility of the method and because of the strong correlation of length with PC1 for all species we choose length as an independent continuous variable indicative of size. We used a chi-squared test with the predicted and actual values for each character in each species to test the significance of the fitted logistic model. P-values larger than 0.05 were rejected and no significant correlation of adult character state and size for that particular case was accepted. Similarly, if indeed there is a connection between the appearance of AMs and size, then one might expect that the subset of individuals carrying a particular AM would be on average larger than that of individuals in which it is absent. We tested this by performing a Mann-Whitney U-test comparing these two subsets, repeating it for all characters in all species. The test was performed in SPSS (ver. 11, SPSS Inc., Chicago, IL) on ranked data from the original (i.e. not log-transformed) measurements.
We performed a contingency tables analysis with the adult character state presence/absence data using JMP. This analysis tests the observed data (by means of a chi-squared test) against a null hypothesis of complete independence. In this way we tested whether there was a significant tendency of any two states to co-occur, and if so, how tight the correlation was. We also calculated the k-statistic to provide a measure of the strength of the state agreement of two characters, i.e. their tendency for both to be in their adult or preadult (juvenile) state.
Phylogenetic analyses were carried out using PAUP* v.4.068 (Swofford, 1998) and MacClade (Maddison & Maddison, 1992) in order to determine whether there is a phylogenetic signal in our characters so that they can contribute to resolving the relationships among the species included in this study. Specifically, we were interested in producing a cladistic matrix from the results of our statistical analyses and to check for hierarchical structure in that matrix. We did this by coding each adult modification as a character state that was scored 1 if its occurrence was significantly correlated with size, and 0 if not. We performed an exhaustive search in PAUP*. Although our study species form a monophyletic group, with Lavigeria n. spp. F and N belonging to different clades of the genus, we did not set the latter two species as outgroups in our initial analysis. We did this to test whether the hierarchical structure present in our matrix would confirm the monophyly of our ingroup. All characters were binary and treated as of equal weight and unordered. Probability tail permutation (PTP) tests and fit measures for the characters were calculated. We also repeated the analysis with a second matrix where character states APLT and APPL were coded together as follows: (0) APLT not correlated with size; (1) APLT correlated with size and APPL not; (2) APLT and APPL correlated with size. The second matrix thus had seven characters, one fewer than the first; henceforth we refer to them as the seven-character and the eight-character matrices.
As an alternative to using the LR results for coding our characters we also coded the occurrence of AMs without regard to their connection to size. This represents the more traditional method of coding in morphological phylogenetics, where characters and states are coded solely on the basis of their absence or presence in the terminal taxon. We coded zero occurrence as absence (0) and occurrence in any percentage as presence (1). Then we arbitrarily set a 10% limit and coded zero occurrence as absence (0), less or equal to 10% occurrence as absence/presence (0,1; polymorphic character) and occurrence higher than 10% as presence (1). We ran an identical analysis through PAUP* with these two matrices that we refer to as occurrence matrices 1 and 2.
RESULTS
All linear measurements had, as expected, large, positive loadings on PC1. Figure 6 presents the plots of length against PC1 for all eight species as well as regressed lines with R 2 values. All R 2 values for length vs. PC1 were typically above 0.9, revealing that most of the variation in PC1 can be explained by the variation in length. In all cases the regression model was significant. This also allows us to use shell length as the parameter to correlate with the occurrence of the AMs.
The results of the LR revealed significant correlation between AM occurrence and size in several cases. As seen by looking across rows in Table 1 , correlation with size existed for two to six characters depending on species. Similarly, looking down columns, every AM was significantly correlated with size in at least one species and at most in five species. For example, APDT is only correlated with size in L. n. sp. W, while AXRB is correlated with size in L. n. spp. J, W, X, N and F. The results of the LR were confirmed by the MannWhitney U-test. In all cases but one, the subset of individuals carrying a particular AM is significantly larger than those that do not. In the case of character APLT for L. n. sp. J the LR model produces a significant value because of a single individual, and we consider this to be a statistical artefact.
The contingency table analysis showed that for each species many AMs co-occur (Table 2) . A significant chisquared value for a given pair of characters in a given species meant that those two AMs are present or absent together more frequently than might be expected from chance alone (i.e. unlinked occurrence). In general, all the AM states that are significantly correlated with size for a given species also tended to appear together in the same species. This is an expected pattern if the character state transformations are similarly developmentally triggered. Furthermore, some of the AMs with high frequency of occurrence but no correlation with size appear among those pairs of character states that are significantly linked. No pairs of AMs were consistently linked in the outgroup and unlinked in the ingroup, and vice versa. Thus no suites of AMs were typical of either the ingroup or outgroup. Finally, the pairs of adult character states in Table 2 are listed in each species in descending order of their k-statistic value (actual values not shown), i.e. pairs of adult states higher in the list occur more frequently for that species. Table 1 reveals some interesting combinations of character state co-occurrences. These are character states that occur very frequently but are not significantly correlated with size (shell length), for example WGPW in L. n. sp. J. The opposite is quite rare and occurrence less than 10% comes with independence from size (the case of APLT for L. n. sp. J refers to one individual that is an outlier and is considered a statistical artefact). Interestingly, the AMs that occur frequently in L. n. sp. W and very rarely or not at all in others (namely APDT and UEPW) are also strongly correlated with size. Their percentages are generally lower than those of the other AMs that are correlated with size in L n. sp. W. This suggests that these two AMs are typical for the species but do not appear in all 
the adults, probably because they are the latest to appear during the period of growth cessation. Exhaustive search in PAUP* gave rise to five equally parsimonious trees (length: 12 steps) from our eight-character matrix and nine equally parsimonious trees from the seven-character matrix (length: 11 steps). Figure 7 shows the 50% majority-rule consensuses from these matrices. Tree statistics and character fit measures are given in Table 3 . The occurrence matrices 1 and 2 resulted in ten (length: 10) and 31 (length: 19) equally parsimonious trees, respectively. The 50% majority-rule consensus of these trees is given in Figure 7 .
An important feature of the resulting topologies is that monophyly of our ingroup is supported by our characters in all the most parsimonious trees and from all matrices. The consensus of the seven-character matrix is far less resolved perhaps because the number of parsimony informative characters is also one fewer in that matrix (five instead of six in the eightcharacter matrix). On the other hand, tree statistics for the seven-character matrix are somewhat better (Table 3) . Interestingly, the 50% majority-rule consensus of a 1000 replicate bootstrap from the eight-character matrix (not shown) has the exact same topology and polytomies as the 50% majority-rule consensus tree of the seven-character matrix. This suggests that combining characters APLT and APPL in the sevencharacter matrix enhances the phylogenetic signal that exists in the data. In the eight-character matrix, two character states were autapomorphic for L. n. sp. W but the remaining six were parsimony informative and provided structure to the ingroup relationships.
The occurrence matrices perform more poorly in comparison with the matrices coding the LR results. First, matrices 1 and 2 contain fewer parsimony informative characters (five and four, respectively). Second, some of the trees they yield do not have the ingroup relationships fully resolved and their consensus trees have far less structure in the ingroup compared to the two first matrices. The two LR matrices yield most parsimonious cladograms that have similar lengths (i.e. 11 and 12). The trees of the occurrence matrices have quite different lengths (10 and 19, see Table 2 . Results of the contingency table analysis for every possible pair of adult character states present in each species. c1 to c8 represent the eight AM character states studied as follows (see text for explanation of abbreviations) c1: WGPW, c2: APLT, c3: APPL, c4: APDT, c5: UEPW, c6: DFST, c7: AXRB, c8: AXMS. In each species the pairs are listed in descending order of their k-statistic value (values not shown), which is a measure of the strength of their co-occurrence, thus higher in the list means stronger correlation. For character pairs shown in bold the correlation is significant according to the chisquared test (a-level: 5%) and are either both in their juvenile state or both in the adult state more frequently than expected by chance alone. For most AMs with high occurrence and high correlation with size (Table 1) high co-occurrence with each other is also evident
c2-c7 c2-c5 c1-c2 Table 3 ) because the characters in the second matrix have three instead of two character states. The PTP test (Faith & Cranston, 1991) quantifies the degree of character covariation in a matrix; the P-value indicates the probability a random matrix will produce a topology of less or equal length than the cladogram the actual matrix produces. The lower the value, the greater the structure of the cladogram due to covariation of the characters (i.e. character state distribution agrees among characters pointing to the same topology). The greater the value, the less confidence we can have in the cladograms' information content departing from that obtainable through chance alone (Kitching et al., 1998) . We can see that both LR matrices give P-values that are much lower than those of the occurrence matrices (0.163 and 0.369 vs. 0.786 and 0.485). This suggests that there is much greater structure in the matrix when we take into consideration the results of the LR rather then when we simply code the occurrence of AMs, where the probability Figure 7 . Fifty per cent majority-rule consensus trees of five, nine, ten and 31 trees (from top to bottom, respectively) from four matrices. Matrices are coding the data of Table 1 . See Analysis for explanation of the matrices. Tree and character statistics are given in Table 3 . Optimality criterion: maximum parsimony, exhaustive search. All characters binary, of equal weight and unordered. Numbers indicate percentage of topologies that include the respective branches.
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is far greater that we might obtain shorter trees by chance alone. The difference in the information conveyed by these coding strategies can be highlighted with the example of APDT. This AM is present and correlates with size in L. n. sp. W while it is also present (but not correlated with size) in L. n. sp. J. This is why in matrices simply coding the occurrence of AM characters, APDT is an informative character grouping L. n. spp. W and J together, while in the matrices coding the characters with regard to their connection to size the same character state is an autapomorphy for L. n. sp. W. Thus, while the character state is present in both species, in the latter matrices it is an adult modification, that is to say connected with size.
DISCUSSION
Modifications of shell shape and ornamentation during cessation of gastropod growth vary greatly in kind, degree and prominence. In the literature very little attention has been devoted to a detailed description of the types of modifications analysed here, and no studies have been undertaken at the species level, although Nehm (2001) has recently undertaken such a study of the more prominent AMs occurring in marginellids. Smith (1905) was the first to describe in detail what we term adult modifications in a work in which he described ten distinct 'marks of senility'. Vermeij & Signor (1992) , by contrast, recognized just four apertural modifications in their cross-family level survey. Our characters do not directly correspond with those described by these authors, although some comparisons with our results are possible. The characters we have identified involving changes in shell sculpture (AXRB and AXMS) are distinct from those outlined by Vermeij & Signor but are perhaps comparable to the irregularity of growth lines described by Smith (1905) . Our character of the microstructure and colour of the parietal wall (WGPW) appears to be a result of similar processes to those leading to callus deposition (Smith, 1905; Vermeij & Signor, 1992) . We also use a character state of sutural deflection (DFST) that contrasts with the ascending suture described by both Smith and Vermeij & Signor. Because changes in the dimensions of the aperture might affect the appearance of the suture, we tested for possible correlation of our aperture measures (length and width) and the occurrence of sutural deflection. We thus verified that our suture deflection is not due to changes of apertural dimensions but represents a real change in the growth direction of the shell. Wagner (1995 Wagner ( , 2002 ) coded a similar increase in Raup's (1966) translation rate for use in his phylogenetic analyses. The detachment of the apertural lip (ALDT) corresponds in part with 'tendency toward loose coiling' of Smith (1905) , although this can be produced in a number of ways; it was not identified by Vermeij & Signor (1992) . An undulating edge to the parietal apertural lip (UEPW) is an apertural character change that does not involve any kind of thickening and in that sense does not correspond with any character identified by previous workers. Finally, we define two characters (lip thickening and annulations around the apertural lip) that seem to correspond to the internal lip thickening of Vermeij & Signor (1992) and a more generalized thickening of the shell (Smith, 1905) . We conclude that our species-level survey of AMs has yielded more numerous and diverse features than those identified by Vermeij & Signor (1992) in their cross-family discussion and, less surprisingly, are more finely delimited than those outlined by Smith (1905) .
There are a number of AMs that occur frequently yet are not correlated with size in particular species (Table 1) . This might be either because of variation in the onset of adulthood or for adaptive reasons. In the first case adulthood might be attained over a size range greater than those covered by our samples and the deceleration of growth would be gradual. This seems probable in species for which no adult states were correlated with size i.e. L. n. sp. A and L. n. sp. U. Such variation indicates that some species have significant phenotypic plasticity in maturation. We expect norms of reaction to differ among species that are actively adapting to the diverse habitats of a rift lake environment (Michel, 1995; Cohen, 2000; P. B. McIntyre & E. Michel, unpubl. data) . Although the adaptive basis of gastropod diversification in Lake Tanganyika is still being tested, there is mounting evidence that life history differences are central to the divergence of Lavigeria (Kingma & Michel, 2000; E. Michel & I. Kingma, unpubl. data) . In the case of adaptive function, AM morphology may be dissociated from adulthood, thus appearing before the deceleration of shell growth. This explanation seems more probable for AMs whose appearance does not necessarily suggest an irreversible cessation of growth, such as sculptural states AXRB and AXMS. Examples of direct adaptive reasons for the onset of adult character states are discussed extensively for strombids by Savazzi (1991) and for marine gastropods in general by Vermeij & Signor (1992) . The latter authors discuss apertural lip thickening as a way of excreting an excess of calcium and also as antipredatory protection. Downwards deflection of the suture (DFST) has been perceived as an adaptation that allows tilting of the aperture to facilitate firm attachment to a flat substratum (McNair et al., 1981; Paul, 1991) .
We have outlined a series of discrete character states that are linked with shell growth cessation, irrespective of their adaptive function. In a few cases AMs and size are dissociated, although we expect that this can be explained as a species having a wider range of size at maturity. While there is species-level correlation of AM and reproductive adulthood (Kingma & Michel, 2000) , we suggest testing individual variance of reproductive status in relation to these character states and size. In this way it will be possible to determine the exact range of sizes at which maturation is attained, growth ceases and AMs appear.
The logical and physical independence of our AMs, as states of cladistic characters (Hawkins, Hughes & Scotland, 1997) , needs to be contrasted with their statistical linkage, as shown by the contingency table analysis. All of our adult character states can be easily distinguished from each other and appeared in all possible combinations in our samples. No particular set of states was always simultaneously present or absent and in general the presence of a particular modification does not necessitate the presence of another. This reflects the logical independence (sensu Sneath & Sokal, 1973) of our characters. On the other hand, the contingency table analysis showed that character state appearances are linked, so that the presence of one adult modification does increase the probability of finding another. Adult individuals are more likely to simultaneously exhibit more than one AM simply because these character states are specific to adulthood. Adult character states occur in suites, varying among species, whereas the characters and states themselves are physically independent. Even though AMs may be phylogenetically independent, the fact that they appear at a particular ontogenetic stage introduces some kind of correlation. Such correlation is not entirely unexpected. Indeed, ontogenetic shifts in evolution may be expected to collectively affect ontogenetic stage-specific morphological traits. This effect might be misleading if one is interested in estimating character-correlated change. In samples like ours, where individuals belong to different stages (juveniles and adults), statistical estimation of character correlation will reveal an increased apparent tendency for characters to co-occur. This situation could be avoided by ensuring that all individuals studied are at the same ontogenetic stage and that the morphological characters scored are specific for that stage.
One character state that requires discussion is the presence of perimetric annulations on the edge of the outer lip (APPL). This has a distinct appearance and is not present in all the shells with lip thickening (APLT) -a state that is also easily discernible. These two character states are significantly correlated in all the species in which they occur. Although there was no case where an individual had the former without the latter, in c. 20% of cases the opposite occurred. This means that APLT must be present for APPL to occur, although these characters may be formed by different functions of the mantle. For the coding of the two characters we cannot ignore the logical dependence of one on the other. For this reason we tried coding them as one character with three states: (0) lip thickening absent; (1) lip thickening present with no annulations; (2) lip thickening with annulations. In this way we have seven (instead of eight) characters out of which five (instead of six) are parsimony informative (Table 3 ; Fig. 7 ). Because there are six ingroup taxa, the seven-character matrix gives a tree with poorer resolution; however, a topology that contains the bestsupported clades of the tree from the eight-character matrix provides resolved ingroup nodes which are present in all the most parsimonious trees. This may indicate that statistical analysis can provide clues for more sound character coding, although future confirmation will require the coding of apertural modifications to be explored within a larger data set. We also showed that coding just the occurrence of AMs is consistent with the hypothesized monophyly of our ingroup and contains some matrix structure. It is clear however, that character congruence is maximized only when the results of the LR are taken into consideration, specifically when they are scored as characters appearing connected with size, that is, characters of adulthood.
One of the primary uses of AMs is as a means to identify adults. If we know the ways that adulthood is reflected in shell morphology we can recognize the adult individuals in a sample with a simple examination of the shells. We have shown that in a small clade of congeneric species the kinds of AMs are quite diverse. Two characters (APDT and UEPW) are found only in L. n. sp. J and L. n. sp. W while the remainder appear with varying frequency in all species. In Table 2 the combinations of characters that are on the top of the list for each species (i.e. the most frequently appearing combination in that species) are seldom the same. This means that for every species a different combination of characters is most common. A minimum set of modifications that characterizes an adult of any of the eight species studied includes any two modifications of the following three categories: modifications of the sculpture, deflection of the suture (DFST) and one or more modifications of the apertural lip and/or the parietal wall.
Character definition is one of the most important and at the same time least explicit stages of morphological phylogenetics according to many authors (see Poe & Wiens, 2000 for extensive treatment). Among the most common reasons that morphological characters might be excluded from analysis is variation within terminal taxa (Poe & Wiens, 2000) . Thus when a sample of individuals is studied for every terminal taxon, presence of a character state is scored only if all of the individuals in the sample bear that character state. However, the interest in our case is in morphological characters appearing at a particular ontogenetic stage only. Thus individuals in the sample not carrying the character might simply not be at that stage. We therefore need a criterion for judging the ontogenetic stage of each individual apart from the characters we want to score. In the case of the AMs studied in this paper, the proxy for the adult stage is size. The LR indicates whether a character appears only in the larger individuals of the sample and in that case it is scored as present. Although a set of arguments exists against the use of statistical sample properties in character definition (e.g. Stevens, 1991; Thiele, 1993; Kitching et al., 1998; MacLeod, 2002) , this usually refers to the coding of continuous characters. In this study characters do not vary continuously; they are simply present or absent. We use LR to determine whether individuals bearing the characters are adults. In contrast, when we only code the occurrence of the adult character states (occurrence matrices) we discard the size information and with it the only information (apart from our characters) that can serve as a proxy for adulthood. This means that the occurrence matrices treat the samples as if all individuals in them were of the same size and therefore at the same ontogenetic stage. In this way, presence of our characters in some (but not all) the individuals of the sample must be taken, in the occurrence coding, as within population and within ontogenetic stage polymorphism. LR coding, on the other hand, works on the assumption that individuals at different ontogenetic stages are present in the sample and uses the size information to distinguish them; presence of a character in some (but not all) individuals in a sample is interpreted as difference in ontogenetic stage and not as polymorphism.
The LR coding scheme we propose for the AMs is cladistically sound and it yields matrices with considerable structure (Table 3) . Most importantly, in the resulting cladograms the ingroup remains monophyletic. This is true for an ingroup of species for which neither morphological recognition as such, nor phylogenetic relationships to the outgroup include AMs as characters. We describe eight characters that, with the potential exception of APLT and APPL seem to be independent and contain phylogenetic signal. Breaking down morphological variation into as many characters as possible (as exemplified by presence/absence coding; Pleijel, 1995) may lead to description of separate 'characters' that are only differences in appearance of the same feature of the animal, violating character independence and producing redundant information (Hawkins et al., 1997; Forey & Kitching, 2000) . However, this is not the case in our study. Our characters are clearly distinguishable from each other and conform to the similarity criterion of homology assessment. Furthermore, they occur independently from each other, which means they are individualized elements of the morphology of the animal (conjunction criterion) (Patterson, 1982) . Finally, there is significant structure in the eight-character matrix and after phylogenetic analysis it produces a topology with the monophyly of our ingroup intact and ingroup relationships resolved.
The gastropod shell includes a record of its ontogeny. However, its study is greatly hindered by the difficulty with which growth stages can be compared across taxa. After the protoconch/teleoconch transition the only discrete points in shell ontogeny that can be readily compared, as Johnston, Tobachnik & Bookstein (1991) point out, are those that mark episodic growth or the cessation of growth. We have shown that the latter can manifest in quite diverse and numerous ways within species comprising a small clade. In our example the features are but moderate modifications of preadult morphology, yet their study is important for recognizing adulthood in these species. In addition, these features are likely to be of significant systematic and phylogenetic utility. Of wider general evolutionary interest is our demonstration that ontogenetically correlated character transformations may nevertheless be phylogenetically independent. We conclude that gastropod shells, when studied in sufficient detail and within an ontogenetic perspective, can provide entirely untapped sources of macroscopic characters valuable for phylogeny reconstruction.
